Multilocus sequence typing (MLST) has been applied to 266 Campylobacter jejuni isolates, mainly from veterinary sources, including cattle, sheep, poultry, pigs, pets, and the environment, as well as isolates from human cases of campylobacteriosis. The populations of veterinary and human isolates overlap, suggesting that most veterinary sources should be considered reservoirs of pathogenic campylobacters. There were some associations between source and sequence type complex, indicating that host or source adaptation may exist. The pig isolates formed a distinct group by MLST and may well represent a potential pig-adapted clone of C. jejuni. A subset (n ‫؍‬ 82) of isolates was reanalyzed with a second MLST scheme which provided a unique set of isolates that had been analyzed at a total of 12 loci. The distribution of isolates among the complexes in each of the two schemes was similar but not identical. In addition to isolates from human outbreaks, one group of isolates that were not epidemiologically linked was also identical at all 12 loci. This group of isolates is believed to represent another stable strain of C. jejuni.
Campylobacter jejuni and C. coli are major causes of acute bacterial enteritis in humans worldwide. In 2001, there were 56,420 reported cases in England and Wales (Communicable Disease Surveillance Centre), which, according to a recent intestinal infectious diseases survey, is an underestimate of about eightfold (29) . Campylobacters colonize many animals but appear to have evolved for optimal growth in the avian gut as a commensal. Many poultry flocks worldwide are colonized with these organisms (9) . A major human risk factor for the acquisition of campylobacter infection is thought to be the handling or consumption of contaminated poultry meat. Despite this, previous studies using typing methods have suggested that the ranges of campylobacter types found in humans and chickens do not totally overlap. These studies concluded that some isolates infecting humans do not colonize chickens, and conversely, some isolates colonizing chickens do not infect humans (4, 15, 16) . The implications from these findings are that other sources of campylobacter infection may be important in human disease and possibly that not all campylobacters are pathogenic to humans. Other food-producing animals such as cattle, sheep, and pigs carry this organism in their guts; however, the relative risk of human infection associated with these potential sources is unclear.
C. jejuni is known to be a highly diverse species. This is exemplified by the wide range of phenotypes and genotypes detectable by a number of techniques, such as serotyping, pulsed-field gel electrophoresis (PFGE), and amplified fragment length polymorphism (AFLP) (32) . The recent application of multilocus sequence typing (MLST) to C. jejuni, in agreement with previous studies, has shown that the organism is genetically diverse, yet it has a weakly clonal population structure. This means that there is evidence of frequent recombination within a clonal framework (5, 6, 20, 28) . MLST is similar to multilocus enzyme electrophoresis (MLEE) in that it measures variation in housekeeping genes located around the genome. The advantage of MLST is that this variation is determined at the level of DNA sequence, thus making the technique both highly reproducible and portable (17) . These previous MLST studies on C. jejuni concentrated mainly on isolates of human origin, and there is a general paucity of information regarding where strains isolated from veterinary sources fit into the overall population structure of this organism.
For this study, MLST was applied to study the genetic relationships of 266 isolates of veterinary and human origin. Veterinary isolates were obtained from poultry, cattle, sheep, pigs, and pets as well as from the environment in and around broiler houses.
Bacterial growth and preparation of genomic DNA. All C. jejuni isolates were grown on 10% (vol/vol) sheep blood agar plates with actidione (250 g/ml) and Skirrow's supplement (10 g of vancomycin per ml, 2.5 IU of polymyxin B per ml, 5 g of trimethoprim per ml) at 42°C in a microaerobic environment (7 2 ) for 24 to 48 h. Genomic DNA was extracted by the cetyltrimethylammonium bromide-NaCl method (2) . DNA pellets were resuspended in 100 l of distilled water and stored at 4°C.
Loci and primers used. All PCR products were amplified by use of previously described primers (6), referred to as scheme A. A subset of isolates (n ϭ 82) were also analyzed by a second MLST scheme, scheme B. The loci for scheme B were selected prior to completion of the genome sequence of C. jejuni NCTC11168 and before the scheme A loci were made accessible. Figure 1 shows the positions of these loci compared to scheme A in the now completed genome of NCTC11168 (24) . The loci were as follows: dihydroxy acid dehydratase (ilvD), adenylate kinase (adk), citrate synthase (gltA), D-lactate dehydrogenase (Cj1585c; reannotated as putative oxidoreductase), glucose-6-phosphate isomerase (pgi), and malate dehydrogenase (mdh). Initially, the MLST scheme consisted of seven loci, as that was deemed to be the minimum number of loci required to provide sufficient discrimination for an MLST scheme (8) . The katA locus was removed at an early stage, as it was found to be very variable, apparently with evidence of evolution being driven by a strong selective pressure (R. J. Meinersmann, personal communication). The region of the gltA locus sequenced was the same for both schemes. The primer sequences for scheme B are given in Table 1 . Each primer was used for both amplification and sequencing reactions. Alternative primer sequences are given and were used when necessary.
Amplification and nucleotide sequence determination. PCRs were carried out in 25-l reaction volumes, with a typical reaction comprising the following: ϳ10 ng of C. jejuni chromosomal DNA, 175 ng of each PCR primer, 1ϫ PCR buffer (Invitrogen), 1.5 mM MgCl 2 , 200 M deoxynucleoside triphosphates, and 1.25 U of Taq DNA polymerase (Invitrogen). The reaction conditions were an initial denaturation at 95°C for 5 min, followed by 25 cycles of the following: 94°C for 45 s, primer annealing at 55 or 60°C for 45 s, and extension at 72°C for 1 min 30 s. The PCR products were purified either by precipitation with 20% (wt/vol) polyethylene glycol-2.5 M NaCl (2) or by use of the Qiaquick multiwell PCR purification kit (Qiagen), and the concentration was estimated by agarose gel electrophoresis. Sequence reactions were carried out in BigDye Ready reaction mix (Applied Biosystems) used in accordance with the manufacturer's instructions or by use of the CEQ DTCS sequencing system (Beckman Coulter). Unincorporated dye terminators were removed by precipitation with 95% ethanol, and the sequenced products were separated and detected with an ABI Prism 3700, ABI 377 automated DNA sequencer (Applied Biosystems) or a CEQ 2000 DNA sequencer (Beckman Coulter). Sequences were assembled and edited by use of Seqman (DNASTAR; Lasergene).
Allele and ST assignment. For scheme A, alleles and sequence types (STs) were assigned by submitting the DNA sequence to the Campylobacter MLST database (http://campylobacter.mlst.net). For scheme B, the loci and STs were assigned arbitrary numbers in the order of identification. The organization of isolates into clonal complexes was carried out by use of the program BURST (based upon related STs), which is part of the START (Sequence Type Assignment Recombination Tests) group of programs (E. J. Feil and M. C. Chan; http://campylobacter.mlst.net) (14) . Isolates were grouped together if they shared five, six, or seven of the seven total scheme A loci or four, five, or six of the six total scheme B loci. Only one member of each outbreak was included in these analyses. To avoid artifacts in complex assignment due to chaining effects, the clonal complexes were verified by cross-checking with the Campylobacter MLST database, in the case of scheme A, and by UPGMA (unweighted pair group method with arithmetic means) analysis, in the case of scheme B.
Linkage analysis. Linkage analysis was carried out by using the index of association (I A ), as defined previously (14, 27) . We examined whether alleles were randomly associated, that is, at linkage equilibrium, indicating a freely recombining population, or nonrandomly associated, that is, at linkage disequilibrium, implying a clonal population structure. If there is linkage equilibrium, i.e., a random association between alleles of different loci, I A ϭ 0. If I A is significantly different from 0, it indicates that recombination has been rare or absent and that the population has a clonal structure (19) .
Statistical analysis. The tests for association were carried out by use of Pearson's chi-square test. A two-way frequency table of sample source by ST complex was created, and the observed number of isolates from each source within the ST complex was compared with that expected on the assumption of independence of the row and column categories. The expected value was obtained by assuming that the isolates from each source are distributed among the clonal complexes according to the proportion of the total number of isolates occupied by each a The open reading frame originally annotated as D-lactate dehydrogenase in the genome sequence was described as a putative oxidoreductase once annotation was completed.
complex, e.g., since 30.8% of the data set constitutes the ST21 complex, the assumption is that 30.8% of the isolates from each source would be part of the ST21 complex. Only one representative of each of the outbreaks was included in this analysis. StatXact software was used to calculate the exact significance probabilities.
Invasion assay. The invasion assay used was a gentamicin protection assay based on the method of Elsinghorst (7), with some modifications (10) . Briefly, a monolayer of INT407 cells (ca. 5 ϫ 10 5 cells per ml) was inoculated with broth-grown bacteria at a ratio of 50 to 200 bacteria per INT407 cell. To avoid variation in invasiveness due to motility, the bacteria were centrifuged onto the monolayer at room temperature for 15 min at 800 ϫ g. Invasion was allowed to occur for 3 h at 37°C in 5% CO 2 , after which nonassociated bacteria were removed by washing three times with Hanks balanced salt solution (Sigma). Associated bacteria were removed during a 2-h incubation at 37°C in 5% CO 2 with 2 ml of a 250-g/ml solution of gentamicin (Sigma). Finally, the monolayer was washed three more times, and the internalized bacteria were then released by lysis of the INT407 cells with 1% Triton X-100 (Sigma) and were enumerated by plate count. Due to variations between assays, all isolates to be compared were included in the same assay, within which each isolate was assayed in triplicate. Each assay was repeated at least three times to verify the results. For each assay, a one-way analysis of variance followed by the Newman-Keuls multiple comparison test was carried out by use of GraphPad Prism software.
RESULTS
Genetic relatedness of isolates. Overall, the 266 isolates were grouped into 19 clonal complexes, based on the fact that the isolates within one complex are identical at five, six, or all of the seven MLST loci ( Table 2 ). The most common complex was the ST21 complex, which comprised 82 isolates (30.8% of the data set) divided among 33 STs, followed by the ST61 complex, which comprised 29 isolates (10.9% of the data set) divided among 14 STs, and the ST45 complex, with 28 isolates (10.5% of the data set) divided among 13 STs. The ST21 and ST45 complexes were reported previously (5, 6) as the largest among the population of C. jejuni analyzed, which comprised mainly human isolates.
Six of the 19 complexes contained three or fewer members. These STs were assigned to a complex based on the data in the Campylobacter MLST database (http://campylobacter.mlst .net). In some cases, no founder was identified within this set of isolates, even when the complex consisted of more than three members (ST433, ST443, ST460, ST573, ST22, ST283, and ST177 complexes). Again, the founders of these complexes were identified by comparison with the larger database of isolates. Eighteen STs remain unassigned to a complex (last database query, June 2003).
The I A for 149 unique STs within the whole data set using the seven loci from scheme A was 1.29, indicating significant linkage disequilibrium or that there is a certain degree of clonality within the population. This compares to an I A of Ϫ0.37 for unique STs within the dominant clonal complex typified by ST21, which suggests that recombination within the clonal complex is high. This indicates, as previously proposed (6, 20) , that the C. jejuni population is weakly clonal.
Association between clonal complex and source of isolation. The distribution of isolates from the various sources in the nine largest clonal complexes is given in Fig. 2 . There are highly significant associations among STs of bovine (P Ͻ 0.001), pig (P Ͻ 0.001), sheep (P Ͻ 0.001), and poultry (P Ͻ 0.001) samples, and by comparing the observed and expected sample frequencies, we can see which complexes are associated with particular sources. The ST21 complex contains isolates from most sources, whereas some of the other main complexes have over-or under-representations of isolates from particular sources. The most obvious example of this is the ST403 complex, which consists of a total of 18 isolates, 16 of which are from pigs. There were also more than expected bovine isolates in the ST61 complex, sheep isolates in the ST42 and ST206 complexes, and poultry isolates in the ST45 complex.
Confirmation of genetic stability by using MLST. An investigation of epidemiologically linked isolates provides an opportunity to investigate the robustness of the MLST technique in an organism known to be prone to genetic instability (31) . As expected, the human outbreak isolates within this study had identical MLST types within each outbreak (Table 2) . These isolates were also identical by a range of other genotyping schemes, such as PFGE, AFLP, phage typing, and ribotyping (data not shown). One set of outbreak isolates, originally isolated in 1981 (human O/B 4 ) (23), was found to be divided into two groups according to Penner serotype (25) . This observation was confirmed more recently by other genotyping methods (18) . In this study, this group of isolates was also divided into two groups by MLST: human O/B 4a and human O/B 4b (ST267 and ST563, respectively; the former is part of the ST283 complex and the latter is part of the ST177 complex). The outbreak 4a group of isolates was previously found to be highly similar (with a level of homology of 95% by AFLP) to a group of isolates from a broiler house environment almost 20 years later and was thought to represent a stable strain of C. jejuni (18) . The group of isolates from the broiler house environment, comprising isolates EX524, EX497, EX543, and EX496, are all in the group ST564 (Table 2) . Interestingly, ST267 and ST564, both within the ST283 complex, differ at just one locus, glyA, by MLST, which in fact is represented by a single nucleotide change, probably having arisen by point mutation. The second outbreak group (O/B 4b ), as expected, was very different by MLST (ST563). ST563 is part of the ST177 complex, as defined previously (6) , which contains isolates from wild birds and the sand of bathing beaches.
Reanalysis of a subset of isolates by use of a second MLST scheme. A subset of the isolates (n ϭ 82) included in this study was reanalyzed with a second MLST scheme, utilizing five more unique loci, as gltA was shared by both schemes. Comparison of the complex assignment for each scheme, using just these 82 isolates, revealed that the isolates were grouped into seven complexes with scheme A and five complexes with scheme B (Table 3 ). The largest complex for scheme A was the ST21 complex, which contained 34 of 82 (42%) of the isolates, with ST21 as the founder member. For scheme B, the ST1 complex was the largest, containing 52 of 82 (63%) of the isolates, with ST1 as the founder member. In total, 61 isolates were present in both the ST21 and ST1 complexes. Seventeen isolates were present in the ST1 complex (scheme B) but absent from the ST21 complex (scheme A) (isolates 99/27, 99/96, 00/015, 99/215, 99/209, 00/022, 93/563, EX2200, 99/201, 93/562, 88/139, 88/34, 88/3, 88/5, 88/6, 91/29, and 00/048). In contrast, all of the isolates that form the ST21 complex (scheme A) were present in the ST1 complex of scheme B. An I A of 0.51 was obtained when 59 unique STs identified for the panel of isolates using the six loci from scheme B were analyzed. This compares to an I A of 0.93 when any six loci selected from scheme A (the example given shows data excluding uncA) were analyzed. Both values again indicate that the population has Pet UK some degree of clonality and that individual clonal complexes are sufficiently stable to be clearly identified by use of sequence data from six or seven loci. Reanalysis of the subset of isolates at 12 unique loci. When analyzed at all 12 loci (10, 11, or 12 loci in common), the isolates were grouped into seven complexes ( Table 4 ). The I A increased to 2.50 when 68 unique STs using 12 loci from both schemes were analyzed. The human outbreak isolates remained identical at all 12 loci, as expected (Table 4) . Interestingly, another group of isolates were also identical at all 12 loci (Table 5 ). This group comprised six isolates of human, bovine, and poultry origin, from the United Kingdom, Denmark, and The Netherlands, from three different years within a 12-year period. Since this group appeared to be so highly related, the phenotypes of the isolates were analyzed in more detail. The serotype of each isolate was determined by use of the Laboratory of Enteric Pathogens (LEP; Health Protection Agency, Colindale, United Kingdom) method (11) , and their invasion potentials were determined by use of an in vitro gentamicin protection assay (7) . The results are given in Table 5 . Two of the isolates were nontypeable by the LEP method, but of the remaining four, two different serotypes, serotypes 1 and 50, were obtained. Three of the five isolates tested in the invasion assay had similar levels of invasion, whereas isolates 88/238 and 99/118 had significantly greater invasion potentials than the other isolates within this group (P Ͻ 0.001).
DISCUSSION
Previous investigations of the population structure of C. jejuni have indicated that the population is weakly clonal, consisting of large clonal complexes, some of which may be associated with certain sources, such as the sand of bathing beaches (6) . These studies used a database comprising largely human isolates (61%) (5), with some isolates from food sources. For this study, the MLST scheme developed by Dingle et al. (6) was applied to 215 isolates from veterinary and veterinaryrelated sources. These were then compared with 51 human isolates in an attempt to identify potential overlaps between the veterinary and human populations and to investigate the presence of host specificity among C. jejuni strains. A subset of the isolates was also analyzed by a second MLST scheme which FIG. 2. Observed (black bars) and expected (white bars) numbers of isolates from each source within nine of the largest scheme A ST complexes. "Other" includes environmental and other diverse isolates. Only one representative from each outbreak was included in this analysis.
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CAMPYLOBACTER JEJUNI MULTILOCUS SEQUENCE TYPING STUDY 6375 contributed 5 additional loci, providing a unique set of isolates that were analyzed at a total of 12 loci. The population analyzed, as described previously (5, 6, 20) , appears to have a weakly clonal structure, that is, there is clonal structure as well as some evidence of recombination. The data from this study also clearly show that campylobacters from veterinary and human populations do overlap. Each complex detected contained isolates of human and veterinary origin, apart from the ST403 complex, which contained only pig and bovine isolates. The distribution of STs among isolates from cattle, sheep, poultry, pets, and humans has been reported previously (5, 6) and indicates that these isolates have perhaps adapted to infect a number of hosts, supporting the hypothesis that each animal isolate is a potential human pathogen. This is also in agreement with a previous study in which MLEE was used to investigate the relationship between animal and human isolates (1) . In that study, both human and animal isolates shared electrophoretic types, with very little distinction between the two populations.
The association of source with ST complex may indicate that isolates within ST complexes have adapted to a particular niche or type of niche. The presence of clonal complexes within an otherwise recombining population suggests that there must be some selective pressure to maintain this structure, which may be provided by niche adaptation (5) . Other mechanisms that may have influenced this structure include clonal expansion, geographical or ecological isolation, host immune selection, or barriers to genetic exchange (19) .
The associations with source observed in this study are similar to those reported previously (5) . The ST45 and ST257 complexes were found to predominantly contain isolates of human and poultry origin, with significantly more than the expected number of poultry isolates in the ST45 complex in this study. There also appears to be a strong association be- tween the ST61 and ST42 complexes and bovine and sheep isolates, respectively, which may be a reflection of the number of isolates from these sources included in the study. The presence of host, source, or niche adaptation contradicts the hypothesis that all campylobacters are potential human pathogens and instead indicates that nonpathogenic campylobacters may exist (4, 15, 16) . There was a very strong association between the ST403 complex and isolates from pigs. When compared to the Campylobacter MLST database (http://campylobacter.mlst.net), the ST403 complex was found to contain isolates from other food products as well as from infected humans, indicating that isolates within this complex do have the capacity to cause disease in humans. Interestingly, a large number of these human isolates are from the Dutch Caribbean island of Curaçao (B. Duim, personal communication). The reason that a large number of human isolates from a distinct geographical location are clonally related to C. jejuni isolates from pigs in the United Kingdom is unclear and warrants further investigation. In spite of this, a number of the STs were unique to pigs and may themselves represent pig-adapted isolates. In a recent report, subtypes of both C. jejuni and C. coli isolated from pigs were found to be clustered into one of only four genotypes by ribotyping and flaA restriction fragment length polymorphism, demonstrating the persistence of clonal types within this host (22) . Moreover, subspecies of both C. jejuni and C. coli isolated from pigs were identified by MLEE (21) . Further identification to the species level of the pig isolates in our study revealed that they were hippurate-negative C. jejuni isolates (Stephen On, personal communication) and may represent an unusual pigassociated clone of C. jejuni.
Interestingly, the pig isolates had been serotyped by the LEP method (11) prior to inclusion in this study. The majority were nontypeable (9 of 16; 56%); however, four different serotypes (HS23, -35, -29, and -22) were present among the remaining isolates, confirming that isolates with identical or very similar genotypes can express different antigens, in this case detected by LEP serotyping. Moreover, it is unlikely that this clonal group of pig isolates would have been detected if serotyping alone had been used. Serotype does not appear to be a good indicator of clonal complex (5) . Most clonal complexes were found to contain multiple serotypes; however, there were exceptions, as in the case of the ST22 complex, which contained isolates of HS serotype 19 only (5).
One group of human outbreak isolates within this study was found to be part of the ST177 complex when compared to the available database. This complex was previously thought to be associated with isolates from the sand of bathing beaches and from wild bird feces and thus was presumed to represent a potentially nonpathogenic group of isolates (6) . Despite the presence of human isolates within this ST complex, the association with wild bird feces might still be plausible, given that the source of the human outbreak was a water source which was contaminated with fecal matter from wild birds or bats (23) . It is possible that these isolates are more adapted to colonize the intestines of wild birds and to survive in a particular environment but that when the opportunity arises, they are capable of causing human disease. A number of the isolates from this study were reanalyzed by use of a second MLST scheme. The largest clonal complex in each scheme shared similar isolates; however, there were some differences in the exact clustering which were probably due to the different levels of discrimination between the two schemes. Most of the variation in scheme B seemed to be accounted for by two loci, D-lactate dehydrogenase and adenylate kinase. Adenylate kinase was the most variable of all the scheme B loci, with 8.9% variable sites across the 401-bp length. The putative oxidoreductase was the least variable, but difficulties in amplification were faced for a number of isolates and alternative primers had to be used.
Isolates which were epidemiologically linked, such as those from outbreaks, were clustered together by both schemes, confirming their identities as clonally related isolates. In contrast, apparently unrelated isolates differed in their organization within each scheme, which is supported by the observation that C. jejuni subtyping results generally only correlate if isolates are clonally related (T. M. Wassenaar and D. G. Newell, Abstr. 11th Int. Workshop Campylobacter Helicobacter Related Organisms, abstr. H39, 2001). Nevertheless, one other interesting group of isolates that shared all 12 loci was also identified. This group of apparently epidemiologically unlinked isolates were from different geographical locations, sources, and times, yet they were genotypically highly related. It is hypothesized, therefore, that this group of isolates represents another clonal strain of C. jejuni that is similar to the one previously reported (18) .
Despite their genetic relatedness, these isolates were found to vary in serotype as well as virulence potential, as determined by in vitro assays of invasion. This is not too surprising, given that it is well established for other bacteria that identity or similarity of serotype, biotype, or other phenotypic character does not indicate genetic identity (26) . The genotypic and phenotypic diversity that exists within C. jejuni is not due only to point mutations, horizontal DNA transfer, and genomic rearrangements detected by MLST (5, 6) and other genotyping methods such as fla typing (12, 13, 30) and PFGE (31) . It may also be due to polymorphisms within homonucleotide stretches throughout the genome (24) that may rapidly alter the phenotype of the organism (33) through variation in gene expression or posttranslational modification.
Of those isolates whose STs were not yet assigned to a complex, the majority (9 of 18; 50%) were of poultry origin. Poultry isolates were previously found to have a broader distribution among the clonal complexes than human isolates (6) , and it is possible that these isolates are more genetically diverse than those from other sources. This has also been observed in a previous study (3) in which many more fla types were present among poultry isolates than among human isolates. This genetic diversity among poultry isolates fits with the theory of bottleneck selection, in which it is proposed that C. jejuni undergoes variation only during growth inside the host (Wassenaar and Newell, Abstr. 11th Int. Workshop Campylobacter Helicobacter Related Organisms). Such diversity is believed to increase the chance of a subset of bacteria to survive the environmental stresses to which they are exposed outside the host. Since C. jejuni has fastidious growth requirements and appears to be adapted for growth in the avian gut, it is likely that most of the variation occurs within this environment, resulting in a greater diversity of types isolated from poultry. With the addition of more poultry isolates into this MLST study, most of these so far unassigned isolates would most likely become part of larger complexes.
This study set out to investigate whether the populations of veterinary and human isolates overlap and whether other potential sources of C. jejuni infections in humans could be identified. It appears that the populations do overlap, with STs shared between human isolates and those from various other sources. There are, however, STs that appear to be associated with a single source only and some complexes that are more associated with isolates of a particular source. It will only be possible to determine whether some of these STs are host specific by conducting a similar study on a much larger scale. In conclusion, it appears that isolates from cattle, sheep, poultry, pets, the environment, and even some from pigs may all have the potential to cause disease in humans, given the opportunity, and so should all be considered potential sources of human infection.
